The relative impacts of El Niño Modoki, canonical El Niño, and QBO on tropical ozone changes since Abstract. The Madden-Julian Oscillation (MJO) is the leading mode of intra-seasonal variability in the tropical troposphere, characterized by an eastward moving 'pulse' of cloud and rainfall near the equator. In this study, total precipitable water (TPW) and total column ozone (TCO) datasets from ECMWF ERA-Interim reanalysis were used to analyse the impact of the MJO on the distribution of water vapor and column ozone in the tropics from 1979 to 2013. The results show that seasonal variations of TPW modulated by the MJO are maximized in the tropics of about 10°S-10°N during boreal winter, while the variation in TCO is maximized in the mid-latitudes of about 30°S -40°N in the same season. The composite analysis shows that MJO modulates TPW and TCO anomalies eastward across the globe. The underlying mechanism of the MJO's impact on TPW is mainly associated with variation of tropical convection modulated by the MJO, while the underlying mechanism of the MJO's impact on TCO is mainly associated with an intra-seasonal variability of tropopause height modulated by the MJO activity. This knowledge helps to improve the prediction skill of the intra-seasonal variation of water vapor and column ozone in the tropics during boreal winter. This study examined the impact of the MJO on the distribution of total precipitable water (TPW) and total column ozone (TCO) in tropics, comprehensively. TPW is defined as the amount of water vapor contained in a vertical column of the atmosphere as measured from the surface to the top of the atmosphere [11] . Zhang [7] further explained that the intra-seasonal variation of water vapor in the
Introduction
Tropical atmospheric circulations are controlled by the large-scale convective system varying in space and time, which includes the equatorial planetary waves [1] [2] [3] , intra-seasonal oscillation (MJO) [4] , inter-annual oscillation ENSO [5] , and decadal to multidecadal oscillation. On sub-monthly to intra-seasonal time scales, interaction between tropical waves and convection may result in unique spatial distributions and frequency characteristics of tropical precipitation [2] .
The Madden-Julian Oscillation (MJO) is the leading mode of tropical climate variability on intraseasonal timescale. MJO is characterized by an eastward moving 'pulse' of large-scale convection system elongated from the Indian Ocean to the Pacific Ocean [6] . This oscillation has an average phase speed of about 5 m s -1 and a period of about 30-90 days [7] . Previous research showed that the MJO can be identified by parameters of convection and other variables in the atmosphere, such as outgoing longwave radiation (OLR), precipitation, sea surface temperature, variations in wind, water vapor, and ozone [8] [9] [10] .
This study examined the impact of the MJO on the distribution of total precipitable water (TPW) and total column ozone (TCO) in tropics, comprehensively. TPW is defined as the amount of water vapor contained in a vertical column of the atmosphere as measured from the surface to the top of the atmosphere [11] . Zhang [7] further explained that the intra-seasonal variation of water vapor in the troposphere modulated by the MJO could influence the impact of MJO on rainfall variability. In addition, TCO is defined as the total amount of ozone contained in a vertical column in the atmosphere from the surface to the top of the atmosphere [12] . More than 90% of the ozone in the atmosphere is in the stratosphere and the remaining of about 10% is in the troposphere. The ozone concentrations in the stratosphere are varying in latitude and height. Ozone is produced predominantly in tropical latitudes through a photochemical process [13] .
To date, studies related to the influence of MJO on the distribution of water vapor and column ozone in the tropics has been very limited. Therefore, this study aims to investigate a possible impact of MJO on intra-seasonal variation of TPW and TCO in the tropics, and the associated underlying mechanisms.
Methods
The datasets used in this study are total precipitable water (TPW), total column ozone (TCO), zonal wind and meridional wind at 850 mb, and geopotential height at 150 mb obtained from ECMWF Reanalysis (ERA-Interim) [14] . Outgoing longwave radiation (OLR) dataset from NOAA [15] was used as the main proxy of convection. MJO events was identified using Real Time Multivariate (RMM) indices derived from the BOM Australia [16] . The data is the daily data with a 35-year period (January 1979 to December 2013) at 30°N -30°S and at 40°N -40°S (for TCO and geopotential height) in a band of tropics with spatial resolution of 2.5° x 2.5°.
Bandpass Filter
Intra-seasonal signal of MJO was isolated from daily data by applying a Butterworth bandpass-filter technique with period of (20-90) days. Filtering procedure is performed on a daily anomaly data over the period of 1979-2013.The anomalies were detrended by removing a linear trend in the data.
Seasonal Variance Analysis
Seasonal variance analysis is used to examine the spatial distribution intra-seasonal MJO oscillation. This analysis was performed by calculating the variance of each season of filtered anomaly data (20-90 days). The filtered anomalies were grouped into different season i.e., summer (NDJFMA) and winter (MJJASO).
Space-Time Spectral Analysis
Space-time spectral analysis (STSA) is used to analyze the wavy-like disturbances in the tropics that either propagates eastward or westward. This method decomposes the anomalous field in space and time as a function of wavenumber (k) and frequency () [17] [18] . The decomposition is conducted based on 2D Fourier transformation (in space and time domains).
Composite Analysis
Composite analysis is used to see the distribution of the data (TPW, OLR, and TCO) filtered anomaly (20-90 days) in each MJO events (8 phases). This composite technique is an ensemble average, the arithmetic average value of a set of data but in the same conditions.
Results

Intraseasonal Variance Related to MJO
Figure1 shows seasonal variance of MJO in (a,d) OLR, (b,e) TPW, and (c,f) TCO for both boreal summer and winter. Consistent with previous studies, MJO signals are generally stronger in the equator, from the Indian Ocean to the Western Pacific Ocean [8] . In particular, during the boreal summer (figure 1a), the MJO signal in OLR is strongly observed from the northern Indian Ocean to the western Pacific Ocean, while during boreal winter (figure 1b) the higher variance of OLR is dominant in the Southern Hemisphere and covering wide area, from the Indian Ocean (50°E) to the eastern Pacific Ocean (about 120°E). The differences in MJO signal between boreal winter and summer is mainly due to the seasonal movement of the sun and the associated convective systems. Nevertheless, the stronger MJO activity is observed during boreal winter, consistent with previous studies [6] [7] . 
Intraseasonal Variance of TPW.
The intra-seasonal variance of TPW exhibits different patterns compared to OLR variance. Figure 1 (b,e) can be seen as the regions where the TPW are strongly affected by MJO activity. This result indicates that the effect of intraseasonal oscillation on TPW is stronger over the off equatorial region. According to Schreck et al [9] , the intra-seasonal of water vapor is more sensitive to air mass subsidence of latitudes around the equator, but the higher variance can be seen over the Indian Ocean to the Western Pacific. During summer (figure 1b), a higher variance of TPW exist near the Northern Indian Ocean (10°N) and covering wide area in 15°S. During winter (figure 1e), the intraseasonal variance of TPW becomes stronger and maximizes between 10°N and 15°S over 50°E-120°W. Figure 1(c,f) shows the intraseasonal variance of TCO anomaly. In general, higher variance of TCO exist in mid-latitudes about 30°-40° both the Northern and the Southern Hemisphere. This is associated with the mean condition of TCO that is higher in mid-latitudes than in the tropics [10] . The seasonal distribution of ozone tends to be increased during the winter, and on the contrary, it is relatively decreased during summer in the mid-latitudes [13] . During summer (figure 1c), higher variance of TCO exists in the subtropical Southern Hemisphere. On the other hand, during winter (figure 1f) the higher variance of TCO maximizes in the subtropical Northern Hemisphere. In general, it suggests that the effect of intraseasonal oscillations on TCO is stronger in the mid-latitudes and during the winter, while the effect over the tropics is relatively weaker. Figure 2 shows the power spectrum of OLR, TPW and TCO anomalies for both winter and summer. The positive (negative) frequency indicates an eastward (westward) propagation. MJO signals in OLR anomalies ( figure 2a,d ) are dominant on intraseasonal period (frequency). In particular, the power spectra pattern of OLR anomalies tends to be stronger in boreal winter (figure 2d) than boreal summer (figure 2a). This pattern consistent with previous studies showing that the MJO signal on OLR anomalies was detected in intraseasonal period and with a zonal wavenumber 1-3 [8] [18].
Intraseasonal Variance of TCO.
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Wavenumber-Frequency Spectraof Seasonal MJO
Wavenumber-Frequency Spectra of TPW.
MJO signal on TPW anomalies shows a similar pattern with OLR anomalies (figure 2b,e). As in OLR, the power spectra of TPW anomalies associated with MJO seems to be stronger in boreal winter than boreal summer. The power spectra of TPW anomalies are stronger on intraseasonal scale (20-90 days), with zonal wavenumber (k) about +1 to +4, indicating an eastward propagation [9] . In boreal summer (figure 2b), power spectra of TPW anomalies peak on a frequency of 0.025-0.0125 day -1 or about 40-80 days. On the other hand, during winter, the power spectra are stronger and maximize in a frequency of about 0.025 -0.011days -1 or 40-90 days. Figure 2 (c,f) shows the space-time spectra analysis result for TCO anomalies. In general, MJO signal in TCO is relatively weaker on intraseasonal timescale (20-90 days). The prominent power spectra of TCO are detected in the period of about larger than 30 days. This indicates that the TCO anomalies in the tropical regions are relatively unaffected or weakly affected by intraseasonal phenomenon such as the MJO. Nevertheless, consistent with the finding of Tian et al [10] , MJO activity has a higher relation with the variation of TCO in the subtropics. 
Wavenumber-Frequency Spectra of TCO.
Impact of MJO on TPW Distribution
The impact of MJO on TPW anomalies is shown in figure 3 for (a) boreal summer and (b) boreal winter. The positive (negative) TPW anomalies are shown in blue (red) shading, while the 850 mb wind anomalies is indicated by arrows. It is shown MJO lead to eastward propagation of TPW anomalies in the tropics. The impact of the MJO on TPW reaches maximum during phases 4 and 5, when the convection is stronger over the maritime continent due to the strengthening of westerlies and easterlies wind from the Indian Ocean and the Western Pacific ocean. The stronger MJO convection causes the stronger TPW distribution, and vice versa. The maximum impact of MJO on TWP is stronger during boreal winter, consistent with previous STSA analysis (figure 2e).
It is well acknowledged that MJO modulates the tropical convection, as shown in OLR anomalies (figure 4). Comparing figure 3 and figure 4 , it can be seen that the TPW-MJO pattern is anti-correlated with OLR-MJO pattern. In particular, positive TPW anomalies coincide with area of enhanced MJO convection, while negative anomalies coincide with suppressed MJO convection ( figure 5 ). This indicates that MJO convection significantly affects the distribution of TPW anomalies ( figure 5 ). Based on this composite results, we conclude that the underlying mechanism of MJO's impact on TPW is mainly associated with tropical convection modulated by the MJO. 
Impact of MJO on TCO Distribution
Variation of TCO in the atmosphere is controlled by processes that happen in the lower-stratosphere [19] . In this study, the geopotential height anomalies at 150 mb were used to examine the relationship between the fluctuations in the tropopause height and transport of ozone modulated by the MJO activity. Figure 6 shows the composite of TCO and geopotential height anomalies following the MJO phases. It can be seen that MJO lead to eastward movement of TCO and geopotential height in the tropics. The MJO impact on TCO is stronger and maximize during boreal winter (figure 6b) consistent with previous STSA results. In addition, there is a significant anti-correlation relationship between TCO and geopotential height anomalies during MJO phases ( figure 7 ). In particular, positive (negative) TCO anomalies coincide with negative (positive) geopotential height anomalies. This suggests that fluctuations of tropopause height may potentially affect the distribution of ozone in the lower-stratosphere. Our results are in agreement with previous satellite measurement analysis from Tian et al [10] , showing a strong relationship between the MJO, TCO and tropopause heights. A possible mechanism to explain the impact of MJO impact on TCO is as follow: (1) reduction in height of the tropopause layer (characterized by negative anomaly of geopotential height) tends to increase the TCO by replacing the air masses of less ozone in the upper-troposphere with the air of rich ozone in the stratosphere. (2) Conversely, an increasing in height of the tropopause layer (characterized by positive anomalies of geopotential altitude) resulting in decreased of ozone transport from stratosphere to troposphere. This effect is really visible in off equatorial region, between 20°N-40°N. Moreover, the impact of MJO on TCO in tropical regions is relatively small with the magnitude is only about ± 1 DU, consistent with previous study of Tian et al [10] . 
Conclusion
We have examined the impact of MJO on TPW and TCO in the tropics using the ERA-Interim reanalysis dataset from 1979-2013. The MJO signal was isolated by using space-time spectral analysis (STSA) and composite analysis. The key results are summarized as follow:
(1) MJO influences zonal distribution of TPW and TCO anomalies. (2) The seasonal variations of TPW modulated by the MJO are maximized in the tropics of about 10°-20° in latitude during boreal winter, while the variation in TCO is maximized in the mid-latitudes of about 30°-40° at the same season. (3) The underlying mechanism of the MJO's impact on TPW is associated with tropical convection modulated by the MJO, as indicated by anti-correlation relationship between TPW and OLR. (4) The underlying mechanism of the MJO's impact on TCO is mainly associated with an intraseasonal variability of tropopause height modulated by the MJO activity. The positive (negative) anomalies of geopotential height modulated by the MJO are associated with low (high) ozone transport from the stratosphere to the troposphere. In addition, the MJO impact on TCO is more noticeable in subtropical (consistent with the results of STSA). The results of this research generally indicate that the MJO may affect intra-seasonal variability of TPW and TCO in the tropical region, both in global and regional scales. The results of this study are expected to improve our understanding on the impact of MJO on water vapor and column ozone in both the global and regional scales. This study will hopefully helps to improve the prediction skill of the intra-seasonal variation of water vapor and column ozone in the tropics during boreal winter.
